We present a study on the double longitudinal-spin asymmetry of dihadron production in semiinclusive deep inelastic scattering, in which the transverse momentum of the final-state hadron pairs is integrated out. In particular, we investigate the origin of the cos φR azimuthal asymmetry for which we take into account the coupling of the helicity distribution g1 and the twist-3 dihadron fragmentation function D ∢ . We calculate the s-wave and p-wave interference term D ∢ ot in a spectator model. We estimate the cos φR asymmetry at the kinematics of COMPASS which is collecting data on dihadron prouduction in polarized deep inelastic scattering. The prediction of the same asymmetry at JLab 12GeV and a future EIC are also presented. Our study indicates that measuring the cos φR asymmetry in SIDIS may be a ideal way to probe the dihadron fragmentation function D ∢ .
I. INTRODUCTION
The spin and azimuthal asymmetries in semi-inclusive deep inelastic scattering (SIDIS) process [1] [2] [3] [4] [5] have been recognized as useful tools for exploring both the partonic structure of the nucleon and the hadronization mechanism of hadrons, which are among the main tasks in QCD and hadronic physics. According to factorization [6] , the crosssection of SIDIS process can be expressed as the convolution of the parton distribution function, the fragmentation function, and the hard scattering factor. Distribution and fragmentation functions are important nonperturbative quantities encoding the internal parton and spin structure of nucleon as well as the fragmentation mechanism.
Recently, a lot of attention has also been paid on the higher-twist contributions [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] in SIDIS. Although the rigorous proof on factorization at the twist-3 level in SIDIS has not been achieved [18, 19] , it is shown [5, 20] that those effects are related to the twist-3 distributions and fragmentation functions based on the tree-level calculation: the spin or azimuthal dependent structure function can be expressed as the convolution of the twist-3 distribution/fragmentation functions and the twist-2 fragmenation/distribution functions. Moreover, there are existing and ongoing experimental measurements on the azimuthal asymmetries of single-hadron and hadron pair (dihadron) production at higher-twist level in polarized SIDIS by COMPASS, HERMES, and CLAS at JLab, not only for single hadron production [21] [22] [23] [24] [25] [26] , but also for dihadron production [27] . For the later case, the azimuthal asymmetry at twist-2 level has been measured and was applied to extract [28] [29] [30] [31] transversity from SIDIS data [32] [33] [34] based on the coupling of transversity and the chiral-odd dihadron fragmentation function H ∢ 1 [35] [36] [37] [38] [39] [40] [41] [42] in the collinear factorization. In this work, we study the azimuthal asymmetry of dihadron production in double longitudinally polarized SIDIS l → + p → → l + h 1 + h 2 + X in the case the transverse momentum of the dihadron is integrated out. As shown in Ref. [20] , in this particular process, there are two twist-3 terms that might give rise to the asymmetry with a cos φ R modulation. The first one is the coupling of the T-odd twist-3 distribution e L (x) and the twist-2 dihadron H ∢ 1 , while the second one is the combination of the helicity distribution g 1 (x) and the twist-3 dihadron fragmentation function (DiFF)D ∢ originating from quark-gluon-quark correlation. Here the symbol ∢ denotes that the corresponding DiFF is the interference fragmentation function. However, if the time reversal invariance is imposed and the gauge link is the only source of a T-odd distribution, e L (x) should vanish [4] and the e L (x) H ∢ 1 term will not contribute to the cos φ R asymmetry. Based on this consideration, there is only one term, the g 1 (x)D ∢ term, should give rise to the asymmetry. This is different from the single-hadron production in SIDIS in which usually several twist-3 terms contribute to one observable. Thus, investigating the cos φ R asymmetry in double polarized SIDIS provides an opportunity to study the unknown twist-3 DiFFD ∢ in a less ambiguous way. The remained content of the paper is organized as follows. In Sec. II, we will briefly review the theoretical framework of the cos 2φ R asymmetry of dihadron production in doubly polarized SIDIS. In Sec. III, we using a spectator model to calculate the twist-3 dihadron fragmentation function D ∢ . As there is no measurement on D ∢ , model calculation is important for accessing information on this unknown DiFF. In Sec. IV, we numerical estimate the DIFF D ∢ and the A cos φR LL double longitudinal-spin asymmetry at the kinematics of COMPASS as well as EIC. Finally, in Sec. V, we provide conclusion for this paper.
II. FORMALISM OF DIHADRON PRODUCTION IN SIDIS
We consider the following dihadron SIDIS process,
in which a longitudinally polarized lepton collides on the longitudinally polarized target proton N via the exchange of a virtual photon. Here the arrow → denotes the longitudinally polarization of the beam or proton target. The corresponding 4-momenta are given in parenthesis in the above formula, then the virtual photon have the momentum q = ℓ − ℓ ′ . We present the following kinematical variables that are necessary to describe the differential cross section and express the DiFFs,
Furthermore, the 4-vectors are given in terms of the light-cone coordinates a µ = (a + , a − , a T ), where the light-cone components are defined as a ± = (a 0 ± a 3 )/ √ 2, and a T is a bidimensional vector of the transverse component. So the momentum P µ h , k µ and R µ are written as [43, 44 ]
Here, φ R is defined as the angle between the lepton plane and the dihadron plane, as shown in Fig.1 , θ is polar angle between the direction of P 1 in the center of mass frame of the hadron pair and the direction of P h in the lab frame. There are several useful expressions for the scalar products as follows
In particular, there is a relation between the R and M h .
We will focus on the case the lepton beam and proton target are both longitudinally polarized as well as the case the transverse momentum are integrated out. For convenience, in the following formula we introduce the subscript U , L for the cross section σ XY to indicate the unpolarized or longitudinally polarized states. Besides, the polarization with respect to the beam and the target are indicated by the first lable X and the second lable Y of σ XY , respectively. We can then summarize the unpolarized and double polarized cross sections as follows:
In Eq. (10), f
h , cos θ denote the unpolarized PDF and unpolarized DiFF for flavor a. The first line in Eq.( 11) represents the leading twist contribution, while the second line denotes the twist-3 terms which contributes to the cos φ R asymmetry. In details, there are two individual contributions that might give rise to the asymmetry. The first one is e L (x)H
) is a T-odd twist-3 distribution, and H ∢,a 1 is the twist-2 DiFF. The second one is g 1 (x) D ∢ , where g 1 (x) is the twist-2 helicity distribution and D ∢ is the twist-3 DiFF, with the symbol ∢ denoting the interference nature of the DiFF. However, as shown in Ref. [4] , if e L (x, k 2 T ) only receives contribution from the gauge-link, time-reversal invariance of QCD implies the constraint d 2 k T e L (x, k 2 T ) = 0, therefore, the contribution e L (x)H ∢ 1 vanishes in the collinear limit. Based on this observation, in this work we only need to consider the g 1 (x) D ∢ term. The partial-wave analysis of the DiFFs D 1 and D ∢ up to p-wave level yields [20] :
Here, D ) arise from the interference between a pair in s-wave and a pair in p-wave. There is no pure s-wave or p-wave contribution to D ∢ because of the interference nature of D ∢ . Following the similar arguments in Ref. [37] , in this paper we will not consider the cos θ-dependent terms in the expansion of DiFFs because of two reasons. Firstly, the cos θ-dependent terms correspond to the higher order contribution in the partial wave expansion and can only be significant when the two hadrons produce via a spin-1 resonance. Secondly, when integrating out the angular θ in the interval [−π, π] which is our case, the cos θ-dependent terms should vanish. Therefore, we focus on the functions D a 1,oo and D ∢ ot . In this scenario, the cos φ R asymmetry of dihadron production contribution to the double longitudinally polarized can be expressed as
We note that in the above equation the depolarization factors are not included in the numerator and denominator, following the convention used by COMPASS.
III. CALCULATION OF THE DIFF
The twist-3 DiFF D ∢ originates from the quark-gluon-quark correlation [20] ∆ α A (k, P R , R) = 1 2z
Here F −α ⊥ is the field strength tensor of the gluon. After integrating out k T , we get
Then, the DiFF D ∢ can be obtained by the trace
The twist-2 DiFFs D 1,oo and H ∢ 1,ot have been studied in Ref.
[43] using a spectator model. The model was also extended to calculate the twist-3 DiFF G ∢ in Ref. [45] . In the following, the calculation of the unknown DiFF D ∢ ot in the same model will be described in details.
The corresponding diagram to calculate the quark-gluon-quark correlation for DiFF is shown in Fig. 2 , in which the left hand side corresponds to the quark-hadron vertex P h , Rl; X|ψ(0)|0 and the right hand side corresponds to the vertex 0|igF −α ⊥ (η + )ψ(ξ + )|P h , R; X which contains gluon rescattering. Therefore, the quark-gluon-quark correlator for dihardon fragmetation in the spectator model, produced by s-wave and p-wave, reads
Here, Λ s and Λ p are the cutoffs for the quark momentum, m and m s are the mass of the quark and the spectator, respectively. The factor (l − g αµ T −l α T g −µ ) comes form the Feynman rule for the gluon field strength tensor in the operator definition of the correlator, as denoted by the open circle in Fig. 2 . In addition, F s and F p are the quark-dihadronspectator vertices associated with the s-wave and p-wave contributions, respectively, and their parametrizations can be found in [43] . The exponential form factors are introduced to suppress the contributions from higher quark virtuality [46] .
To identify the contributions from the correlator to D ∢ ot , we expand (19) in the following way,
where 2/Λ
In the spectator model, the factor k 2 in Eq. (20), compatible with the on-shell condition of the spectator, is given by
In Eq. (20), the first term corresponds to the pure s-wave contribution, the second term corresponds to the pure p-wave contribution; whereas the third and fourth term correspond to the interference of s and p-wave contributions. According to the partial-wave analysis for D ∢ , one can find that only the third and fourth terms contribute to D 
Here, the coefficient C corresponds to real part of the integration over l and has the expression
Note that it is proportional to the fragmenting quark mass m. As explained in the next section, this term will not contribute to D ∢ ot numerically due to the value m = 0 GeV chosen in the model [43] . The factor A and B appear in Eq. (22) have the forms
And the functions I i have the forms [47] Fig. 3 , in which the left panel depicts the z-dependent of the ratio (M h is integrated out in the region 0.3 < M h < 1.6) and right panel depicts the M h -dependence of the ratio(z is integrated out over the region 0.2 < z < 0.9). We find that D ∢ ot /D 1,oo are positive in the entire z and M h region when M h or z is integrated out, respectively. We note that the cos R φ asymmetry in the unpolarized SIDIS is proportional to the ratio D ∢ /D 1 as suggested by Eq. (44) in Ref. [20] , therefore, the curve in Fig. 3 can be also viewed as an approximate result for the cos asymmetry in the unpolarized SIDIS.
Used Eq. (15), one can express the double longitudinally polarized asymmetry A cos φR LL in SIDIS as functions of x, z and M h as follow
For the unpolarized distribution f 1 and the helicity distribution g 1 , we also apply a spectator model result from Ref. [48] for consistency. The COMPASS Collaboration [27] is measuring the above A cos φ LL asymmetry using a 160 GeV or a 190 GeV longitudinally polarized muon beam on a longitudinally polarized nucleon target. Using the numerical result for D ∢ ot , we estimate the asymmetry A cos φR LL at the kinematical region of COMPASS 0.003 < x < 0.4, 0.1 < y < 0.9, 0.2 < z < 0.9,
Here W is invariant mass of the virtual photon-nucleon system. In the left panel, central, and right panels of Fig. 4 , we plot the the x−, z− and M h − dependent cos φ R asymmetry at the COMPASS kinematics. We find that the asymmetry is negative due to the minus sign in Eq. (15. The asymmetry roughly decreases with increasing x. The estimated magnitude of the asymmetry at COMPASS is about 1 percent, which is smaller than the sin φ R asymmetry in single longitudinally polarized SIDIS [27, 45] . .. For comparison, we also predict the asymmetry A cos φR LL at JLab 12GeV using the following kinematical cuts 0.072 < x < 0.532, 0.2 < y < 0.95, 0.2 < z < 0.8, 0.5GeV < M h < 1.2GeV,
The corresponding results are shown in Fig. 5 . The asymmetry at JLab 12GeV is found to be larger than that at COMPASS because the A cos φR LL asymmetry is a twist-3 effect and the c.m energy at JLab is smaller. Finally, we present the cos φ R asymmetry in double polarized SIDIS at the kinematical configuration of a future EIC facility [49] : √ s = 45GeV, 0.001 < x < 0.4, 0.01 < y < 0.95, 0.2 < z < 0.8, 0.3GeV < M h < 1.6GeV, Q 2 > 1GeV 2 , W > 5GeV.
The asymmetry vs x, z and M h are plotted in the left, central and right panels of Fig. 6 . 
V. CONCLUSION
In this work, we studied the origin of the cos φ R asymmetry of hadron pair production in double polarized SIDIS: l → + p → → h 1 + h 2 + X The asymmetry can originate from the coupling of the twist-3 DiFF D ∢ and the helicity distribution g 1 (x). Another potential contribution, the coupling e L (x) H ∢ 1 , will not give rise to the asymmetry because of the time-reversal invariant constraint d 2 p T e L (x, p 2 T ) = 0. We applied a spectator model for the quark-gluonquark correlator and calculated the s-wave and p-wave interference DiFF D ∢ ot , the leading term of D ∢ in the partial wave expansion. Using the numerical results for D ∢ ot , we estimated the cos φ R asymmetry as functions of x, z and M h at the kinematics of COMPASS, JLab 12GeV, and EIC. We found that the asymmetry at COMPASS and JLab12 is about 1-2 percent and may be measurable. Therefore, the measurement of the cos φ R asymmetry at COMPASS and JLab12 may provide unambiguous information on D ∢ .
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